Scaling laws of the cavity enhancement for NV centers in diamond 
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We employ a fiber-based optical microcavity with high Finesse to study the enhancement of 
fluorescence emission of NV centers in nanodiamonds. Harnessing the full tunability and open 
access of the resonator, we explicitly demonstrate the scaling laws of the Purcell enhancement by 
varying both the mode volume and the quality factor over a large range. While changes in the 
emission lifetime remain small in the regime of a broadband emitter, we observe an ideal Purcell 
factor of up to 450. Our results show a way for the realization of wavelength-tunable, narrow-band 
single-photon sources and demonstrate a system that has the potential to reach the strong coupling 
regime. 

PACS numbers: 42.50.Pq, 42.50.Ct, 42.81. Qb, 61.72.jn, 81.05.ug 



The negatively charged nitrogen vacancy center (NV) 
in diamond stands out due to stable single photon emis- 
sion [U [2] and exceptional spin coherence of electronic 
ground state levels [3 . Together with spin-selective op- 
tical transitions, the NV center represents a particularly 
promising solid state quantum bit with direct optical ac- 
cess [H 131 [4]. An important milestone yet to achieve 
is the realization of an efficient optical interface for this 
emitter. Ideally it would open the way for determinis- 
tic single photon sources [5j, non-destructive spin state 
detection [6l [7], efficient spin-photon entanglement [8], 
and quantum coherent optical manipulation on the single 
photon level. A variety of optical microcavities has been 
studied in this respect, including photonic crystal cavities 
[9^-13 , microring resonators [HI [15], microdiscs [THl fTT], 
Fabry-Perot cavities [18 , and plasmonic nanoresonators 
[19l[20]. Considerable success has already been achieved, 
e.g. by demonstrating Purcell enhancement of the zero 
phonon line (ZPL) at cryogenic temperature, where 70% 
of the emission was channeled into a single cavity mode 
[14 . The broad emission spectrum and the small weight 
of the ZPL call for particularly large Purcell factors to 
achieve efficient cavity coupling. Furthermore, several is- 
sues remain problematic for the techniques used so far, 
which all rely on solid state cavities with limited flexibil- 
ity to access the cavity mode and to tune the resonance 
frequency. 

In this work we study the cavity enhancement of the 
phonon sideband emission of small ensembles of NV cen- 
ters in individual nanodiamonds by means of a fiber 
based Fabry-Perot microcavity [21]. The cavity design 
relies on concave surface profiles machined on the end 
faces of optical fibers using CO2 laser processing [22] . 
The technique provides excellent surface quality to sup- 
port ultra-low loss mirror coatings, and offers microscopic 



cavity mode volumes to achieve large Purcell factors. The 
open resonator geometry permits to easily access the cav- 
ity field maximum, to study various emitters with one 
and the same cavity, and to fully tune the cavity res- 
onance. These features have been beneficial for recent 
experiments with ultracold atoms [23 , trapped ions [24J , 
molecules ^25^, quantum dots [26.-.29j , and NV centers in 
diamond [30]. Here we use these properties to explicitly 
demonstrate the scaling of the flourescence enhancement 
for NV centers with the cavity parameters. Using direct 
comparison of free space and cavity enhanced emission, 
we determine the ideal and effective Purcell factors as 
a function of the mode volume and the quality factor. 
While narrow cavity resonances couple only to a small 
fraction of the broad emission spectrum, we observe an 
up to 450-fold enhancement of the emission spectral den- 
sity, giving a direct measure of the ideal Purcell factor of 
the coupled system. Furthermore, we find that we can 
maintain a cavity Finesse T = 30000 in the presence of 
rather large nanocrystals. 

Setup. In our experiments we use a cavity which 
consists of a mirror on a concave end face of a single 
mode fiber and a macroscopic plane mirror, schemati- 
cally shown in Fig. [lib). The effective radius of curva- 
ture in the center of the profile machined on the fiber 
is r = 100 jam. Together, the two mirrors define a 
fully accessible microscopic cavity with a mode waist 
Wo = 2.2 /im and an effective cavity length as small 
as (ieff = 4.3 /im, which includes the penetration of 
the cavity mode into the dielectric mirrors. The small- 
est mode volume we currently achieve in this way is 
V = 16 fim.^. The coatings are designed for highest re- 
flectivity at 780 nm and are realized by multiple layer 
pairs of Ta2 05 and Si02. At the center wavelength, the 
Finesse reaches a value of F = 30000 for small cavity 



length. It decreases continuously towards T = 20000 
at (ieff = 39 /im and drops faster for larger distances, 
which we attribute to diffraction loss due to the finite 
mirror size. The largest quality factor we thus obtain is 
Qo = 2 X 10^ for 4ff = 39 /im. 

We introduce nanodiamonds containing NV centers 
into the cavity by directly spin coating an aqueous col- 
loidal solution on the large mirror with low enough con- 
centration (< 0.01 /im~^) to isolate single nanocrystals 
with the cavity mode. For optimal coupling between the 
emitter and the cavity, the mirror is terminated with a 
A/4 layer of Si02 to shift the electric field maximum of 
the cavity mode slightly above the mirror surface. We 
employ fiuorescent nanodiamonds (FNDs) of 12 nm and 
100 nm size which were irradiated with He ions to in- 
crease the concentration of NV centers ^31] [32]. Sur- 
face treatment with acids and thermal oxygen etching 
removes graphitic surface shells and other contaminants. 
The resulting surfaces are predominantly oxygen termi- 
nated, which favors the negative charge state of the NV 
center [33l |34] . The emission spectrum of the NV center 
shows a zero phonon line at 637 nm with a room tem- 
perature linewidth of ~ 2 THz [35 , and a broad phonon 
sideband resulting from coupling to a phonon continuum 
with a distinct coupling strength maximum at a phonon 
frequency of 16 THz [36^. Transitions involving up to ~ 6 
phonons constitute the major part of the sideband fiuo- 
rescence as schematically shown in Figure flla). Overall, 
the spectrum has an approximately gaussian shape with 
central wavelength of 685 nm and a full width at half 
maximum of 70 nm, see Fig. [2|a). 

With our present mirror coating, the NV emission 
spectrum is divided into two parts: For wavelengths 
shorter than 690 nm, the mirrors are transmissive and 
the color centers emit approximately under free space 
conditions. For longer wavelengths, the mirrors become 
increasingly reflective and cavity enhanced emission can 
be observed. This enables us to observe free space and 
cavity enhanced emission within one measurement, such 
that the cavity enhancement can be quantified from a di- 
rect comparison. Furthermore, it strongly facilitates the 
search for NV centers in the cavity, since a large fraction 
of their emission is transmitted. High transparency at 
the excitation wavelength provides nearly constant ex- 
citation conditions when varying the cavity length. Fi- 
nally, the strong change of mirror refiectivity across the 
fiuorescence spectrum permits us to study the cavity en- 
hancement as a function of the quality factor. 

The cavity setup is combined with a homebuilt con- 
focal microscope as shown in Fig. flic). We use an ex- 
citation laser at 532 nm (Cobolt Samba) which is cou- 
pled to a singlemode fiber and short pass filtered (Thor- 
labs FES0550) to remove fiber fiuorescence. The light 
is focused with a long working distance objective (Mitu- 
toyo, NA= 0.55) through the macroscopic mirror (di- 
ameter 0.5") onto the surface supporting the FNDs. 




FIG. 1: (a) Level scheme of phonon assisted optical transi- 
tions in the NV optical cycle, (b) Schematic of the cavity, (c) 
Experimental setup combining a confocal microscope and a 
tunable microcavity (LP long pass, SP short pass, NF notch 
filter, A/4 quarter wave plate). 



The mirror is mounted on a nanopositioning stage (PI 
541.2 SL) to perform raster scans and to maximize the 
overlap of a nanodiamond with the cavity mode. The 
fiuorescence is collected via the same objective, sepa- 
rated from the excitation light with a dichroic mirror 
(Thorlabs DMLP567), and spectrally filtered (Thorlabs 
FEL0600, FES0850, NF533-17). Thereafter, the fiuores- 
cence is either spatially filtered with a pinhole and led to 
a Hanbury Brown-Twiss (HBT) setup with two avalanche 
photo diodes (Laser Components Count) behind a 50/50 
beamsplitter, or coupled via a multimode fiber (Thor- 
labs HPSC25) to a grating spectrometer (Princeton In- 
struments Acton SP2500) with a CCD camera (Andor 
iKon-M). The cavity fiber is mounted on a three axis 
micropositioning mount. It can be withdrawn from the 
macroscopic mirror by some millimeters in order to use 
the setup as conventional confocal microscope. 

Characterization. In a first step we characterize FNDs 
on Suprasil substrates replacing the macroscopic mirror 
with the fiber withdrawn. We confirm the presence of 
negatively charged NV centers by assessing fiuorescence 
spectra, which show no significant contribution of NV^. 
We find that an appreciable fraction (> 10%) of the fiuo- 
rescent 12 nm diamonds contain single NVs by observing 
antibunching in the second order autocorrelation func- 
tion of the photoluminescence. Comparing the average 
single emitter count rate with the fiuorescence yield of 
100 nm FNDs, we find that the latter host 30 - 300 NV 
centers per nanocrystal. For time resolved measurements 
we find fiuorescence lifetimes ranging between 16 ns and 
23 ns, a typical range for nanodiamonds. 

Next we study FNDs prepared on a cavity mirror and 
with the fiber aligned to form a cavity. We perform 
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FIG. 2: (a) Free space spectrum of a 100 nm diamond on a suprasil substrate (in units kilocounts per second), (b) Calculated 
transmission spectrum of the macroscopic mirror, (c) Emission spectrum of a FND placed inside the cavity. The transmissive 
part can be explained by the free space spectrum and the mirror transmission (blue line). Within the mirror stop band, cavity 
enhanced emission into narrow resonances is observed, (d) Confocal scan with / = 0.5 /sat showing a single nanodiamond, 
mirror background, and the effect of bleaching, (e) Saturation of free space NV emission (blue datapoints). Same measurement 
with linear background subtracted (red datapoints). Solid lines are fits to a saturation model. 



confocal scans with the mirror surface facing the fiber 
and detect the partial transmission through the mirror 
as shown Fig. |2Vd). We observe strong background fluo- 
rescence within the detection spectral band, originating 
from fluorescence generated in the mirror and the fiber, 
as well as from Raman scattering in the fiber. To obtain 
signals much stronger than the mirror background, we 
use 100 nm nanodiamonds containing ensembles of NV 
centers. With a coating that prevents excitation light 
from entering the fiber, excessive background is avoid- 
able and also permits single emitter experiments [30]. 

For the measurements shown below, the observed fluo- 
rescence corresponds to ~ 50 NV centers originating from 
a diffraction-limited spot. With the respective FND po- 
sitioned in the focus of the microscope objective, we align 
the fiber to form a cavity such that the fundamental mode 
has optimal overlap with the FND. Figure |2|c) shows a 
typical spectrum obtained under such conditions. To un- 
derstand the different parts of the spectum, we show a 
typical free space spectrum taken on a Suprasil substrate 
with negligible background [Fig. [2|a)] and a calculation 
of the mirror transmission T2(A) [Fig. |2|b)]. Multiply- 
ing the two contributions and scaling with a constant 
matches the modulated emission observed under cav- 
ity conditions for the short wavelength part [Fig. [2|c)]. 
Within the stop band of the coating we observe en- 
hanced emission into sharp cavity resonances. For the 
measurement shown, subsequent fundamental modes at 
Ai = 715 nm and A2 = 755 nm and a series of weak 
higher order transverse modes are visible. The separation 
of the fundamental modes gives direct access to the ef- 



fective cavity length deff = AiA2/[2(A2 — Ai)] = 6.75 /im. 
This length contains the part of the cavity mode pene- 
trating into the mirror stack. From a simulation of the 
coating at the respective wavelengths we find that the 
penetration adds up to 1.5 /im. Evaluating the sepa- 
ration of the higher order transverse modes AA^m = 
A^ arccos 



^1 — def^/r ] /(27r(ieff ) we infer the effective ra- 
dius of curvature of the fiber mirror, r = 100 /im, in 
agreement with white light interferometric measurements 
of the fiber surface. This determines the mode waist 
Wo and volume V of the plane-concave cavity, given by 
Wq = \/iT^/rd^^~^^'d^ and V = 7ri^Q(ieff/4, respectively. 
Since deff <C r and wq ^ A/2, the paraxial approximation 
and thus the given formulas are valid to a high precision. 

To characterize the background contribution, we re- 
tract the fiber and perform saturation measurements. We 
observe an intensity dependence that contains a satu- 
rating part and a linear contribution from background 
fluorescence, shown in Fig. ^e). Fitting the integrated 
count rate of the transmissive part to the function P = 
Pool /{Is3.t + /) + a/, with the intensity / and the fit- 
ting parameters Poo, /sat, <^, we find a saturation inten- 
sity /sat = 3.5 GW/m^ for the studied FND, which agrees 
with typical reported values [2 , and a background contri- 
bution of 20% in the linear regime of the NV fluorescence. 
Within the mirror stopband and for the cavity present we 
find a signal to background ratio of about 100 for strong 
cavity resonances. Taken together, the spectrum, satu- 
ration, and lifetime measurements confirm that we are 
indeed coupling NV emission to the cavity. 
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FIG. 3: (a) Comparison of the FND spectrum as inferred for free space conditions {Sfs, blue), emission through the mirror 
with the fiber retracted {Sm, gray), and for a cavity configuration with des = 5.0 /xm {Sc, red), (b) Normahzed spectra for 
decreasing cavity length from dgff = 39 /xm (top) to 5.4 /xm (bottom), (c) Scaling behavior of the Purcell enhancement in the 
bad emitter regime: Effective Purcell factor evaluated for the strongest cavity resonance at Ao — 710 nm as a function of mode 
volume (blue data points). The red line shows the prediction of Eq. (2), the black line shows the ideal Purcell factor as given 
by Eq. (1) divided by a factor 100 for easier comparison. 



Effective Purcell Factor. The ideal Purcell factor 
Co describes the enhancement of the emission rate of 
an emitter whose entire fluorescence spectrum is cou- 
pled to an optical cavity resonance with quality factor 
Q = Ao/(^A and mode volume V, 
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For the bad emitter regime, i.e. for broadband emitters 
with spectral width SXem much larger than the full cavity 
linewidth SX^ only a fraction ^ ^ SX/SXem of the emission 
couples to the cavity. This reduces the Purcell factor to 
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In this regime, the effective Purcell factor no longer 
depends on the quality factor of the cavity but rather on 
the quality factor of the emitter, Qem = Ao/^Agm- 

For a direct evaluation of the effective Purcell factor we 
compare spectra for three different configurations: A free 
space reference spectrum 6*0 (A) from a FND on a Suprasil 
substrate, and spectra Sc{X) and Sm{X) from the FND 
under study on the mirror inside and outside of the cavity 
respectively, where background is subtracted. We infer 
the free space emission spectrum 5'fs(A) = bSo{X) of the 
FND under study from its emission spectrum obtained 



through the mirror by matching Sm{X) to bT2{X)So{X) 
via the scaling factor b determined by a least square fit. 
Here, T2(A) is the transmission of the macroscopic mirror 
which we infer from a direct transmission measurement 
and simulate with a transfer matrix method [37 . 

With this at hand we can compare the integrated 
emission into the strongest cavity resonance Pc = 
/a°-a *5'c(A)(iA with the integrated emission under free 
space conditions Pfs = J Sfs{X)dX^ where A denotes a 
suitable integration range around the resonance. The 
Purcell factor compares the emission rate into a par- 
ticular cavity mode with the free space emission into 
the entire solid angle, such that one has to account for 
the probability for emitted photons to reach the detec- 
tor for both cases. In the free space case, we only col- 
lect photons emitted into the solid angle of the objec- 
tive ft = 27r(l — COS0) with cj) = arcsin(NA), which 
we account for by introducing a factor An/Q. For a 
photon emitted into the cavity, we include the proba- 
bility to leave the cavity through the respective mirror, 
p{T2) = T2/(Ti + T2 + Li + L2), where Li and L2 is 
the loss of the fiber mirror and the macroscopic mir- 
ror respectively. At the wavelength of the cavity res- 
onance, Ao = 710 nm, we obtain p{T2) = 0.68, where 
we use the measured values Li^2 = (71,23) ppm, and 
^1,2 (Ao) = (810, 1900) ppm from the coating simulation. 



Loss on the way to the detector and detector efficiency 
are assumed to be equal for free space and cavity con- 
ditions and thus cancel out. Furthermore, we estimate 
only a minor effect due to the fixed dipole orientations 
owing to ensemble averaging. 

Overall, this yields an experimental value for the effec- 
tive Purcell factor 
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Pc n 1 
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For the spectrum shown in Fig. 3 (a) we obtain a value 
C = {1 ± 0.2) X 10~^. The error is dominated by the 
systematic uncertainty of our evaluation method. As ex- 
pected for such a low value for C, we don't observe a 
change in the emission lifetime. 

To obtain quantitative agreement between the predic- 
tion of Eq. (2) and our measurements evaluated accord- 
ing to Eq. (3), we include the electric field strength E at 
the position of the emitter compared to the field max- 
imum Em in a standing wave antinode. This reduces 
the coupling in particular close to the edge of the stop 
band of the mirror, where a phase shift results from 
the dispersive character of the coating. For the given 
resonance position and our coating parameters we cal- 
culate (E/Eq)'^ = 0.55, approaching unity for longer 
wavelengths. Evaluating Eq. (2) for the parameters of 
the measurement {V = 19 /im^,(3em = 10) we obtain 
{E/Eo)C = (0.8 ± 0.1) X 10"^ in good agreement with 
the experimental value. To demonstrate the scaling of 
Eq. (2) explicitly, we perform measurements as shown in 
Fig. |3ja) and evaluate the effective Purcell factor for the 
emission into the strongest cavity resonance as a func- 
tion of the cavity mode volume by changing the mirror 
separation. A few example spectra are shown in Figure 
[sjb), the evaluation of the full data set is shown in (c). 
The observed behavior matches the prediction of Eq. (2) 
very well, given the fact that no free parameters enter. 
Notably, C approaches unity only for very small mode 
volumes on the order of A^. We expect that this regime 
can be approached with fiber-based Fabry-Perot cavities 
by further miniaturization. 

Ideal Purcell Factor. In contrast to the small fraction 
of the entire emission that is coupled to the resonator, 
we observe a strong enhancement of the emisison spec- 
tral density on cavity resonance. In fact, comparing the 
spectral density for the cavity and free space case quanti- 
fies the ideal Purcell factor Co- With the strong variation 
of our coating properties across the emission spectrum, 
we can furthermore study the enhancement as a function 
of the quality factor of the cavity. By changing the mir- 
ror separation we can locate the cavity resonance at any 
wavelength and thereby sample quality factors spanning 
a range of almost three orders of magnitude. Figure |4ja) 
shows the stepwise tuning of a cavity resonance across 
one free spectral range for a short mean cavity length 
(<^eff) =4.5 /im, corresponding to the mode with 8 antin- 



odes between the mirrors. For comparison, we show a 
single spectrum for large cavity length (ieff = 39 /im in 
Fig. [Ij^b), where the cavity geometry and the excitation 
conditions are fixed. There, several consecutive funda- 
mental modes between 700 nm and 800 nm are observed 
within the mirror stop band, sampling different Q within 
a single measurement. 

The ideal Purcell factor can now be evaluated by 
comparing the maximal spectral density on resonance 
Sc,inax{^o) with the free space value Sfs{Xo) at the same 
wavelength. Since the cavity linewidth is beyond the 
resolution of our spectrometer, we infer the peak spec- 
tral density of a Lorentzian resonance 5'c,max = 2Pc/7rSX 
and use the cavity linewidth ^A = Ao(Ti -\- T2 -\- Li -\- 
L2)/4.7rdy/B^R2, where Ri = l-Ti-Li. For Aq = 780 nm 
we measure Q = Xq/SX with a narrowband diode laser, 
while for low Q we use broadband light and the spectrom- 
eter. A calculation of Q{X) together with the measure- 
ments are shown in Fig. ^d). The free space spectrum 
as well as corrections due to the collection efficiency and 
mirror loss are treated in analogy to the previous eval- 
uation. Together, the ideal Purcell factor is determined 
experimentally by 
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In Fig. pFc) the values obtained from the data sets par- 
tially shown in Fig. [41 a), (b) are compared with the- 
ory. Good agreement with Eq. 1 is achieved without 
free parameters if the calculated ideal Purcell factor 
again includes the wavelength dependence of the elec- 
tric field strength at the position of the nanodiamond. 
For deff = 4.3 /im and Q = (3.5 ± 0.3) x 10^ the mea- 
surements yield a maximum value of Co = 450 ± 50, one 
of the largest values reported to date. Notably, we ob- 
serve only minor changes of the Finesse (or the quality 
factor) measured at the largest value when introducing 
the nanocrystal (< 20%), which we explain by Purcell 
suppression of Rayleigh scattering loss [38l [39] . 

Rate model. In the previous sections we have approxi- 
mated the NV emission by a single transition with large 
effective linewidth to simplify the discussion. A more 
accurate treatment accounts for the individual transi- 
tions making up the emission spectrum and the respec- 
tive rates involved. The coupled system can therefore 
be described in the framework of the dissipative Jaynes 
Cummings theory including excessive dephasing [40l [41] . 
We consider the dynamics governed by the coherent cou- 
pling rate go^ the cavity decay rate /^, the decay rate of 
the emitter 7, and the excessive dephasing rate 7*. Cou- 
pling to phonons distributes the dipole matrix element 
between the ZPL and individual sideband transitions. To 
simplify the description of the sideband, a single phonon 
mode picture is used, where the k-th phonon sideband 
is approximated by a Lorentzian with effective width 7^ 
and transition strength (k- In this way we can treat the 
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FIG. 4: (a) Tuning of a single cavity resonance across tlie accessible NV spectrum for (deff) = 4.5 /xm. (b) Cavity spectrum 
with multiple resonances for deff = 39 /xm. (c) Ideal Purcell factor as a function of the quality factor for the data set partially 
shown in (a) (light blue) and (b) (dark blue) together with the predictions of Eq. (1) including the local field strength (solid 
lines), (d) Measurement (blue datapoints) and calculation (solid line) of the cavity quality factor as a function of the wavelength 
for deff = 39 /xm. 



ZPL (k = 0) and the sideband (/c = 1 . . . n) in the same 
manner. The coupling rate for a single emitter and an 
individual transition is then given by 
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(5) 



where we have included the relative orientation cos be- 
tween the dipole of the NV and the electric field of the 
cavity mode, and the reduced electric field at the emitter 
compared to an antinode Ek/Eok- Finally, the energy 
decay rate of the cavity at the respective transition fre- 
quency is given by hik = c(Ti +T2 + I/i +L2)/2c^eff V^i^2 
and 7 = 1/r = 27r X 8 MHz for typical nanodiamonds. 

Generalizing the results from [40l |41] one finds that 
the effective coupling rate between the emitter and the 
cavity at resonance frequency uJc is given by 



Rioj,) = ^ 



%k^k 



T^ 

^ k 



■4Ar 



(6) 



Here we account for all contributing transitions with re- 
spective frequencies cj/c, coupling strengths ^o/c, total in- 
coherent rates T^ = ^fe + 7 + 7^ , and cavity detunings 



A/e = uoc — ook' The effective Purcell factor is then given 
by CiuOc) = R{uJc)/l' One can see that C becomes in- 
dependent of Kk for 7^ ^ /^/e, supporting the previous 
definition in Eq. (2). 

We note that the coupling of a number of N emitters to 
the cavity does not lead to a change of the coupling rate 
in the present situation. This is in contrast to the case of 
a coherent ensemble, where a collective dipole forms that 
leads to an increased coupling rate qn = \fNgo. Col- 
lective enhancement in the presence of strong dephasing 
can be quantified by the figure of merit a = NR/Y^ 
which compares the enhanced emission rate under ideal 
conditions with the dephasing rate [42] . While modifica- 
tion of the dynamics becomes apparent for a > 0.1, we 
find a ~ 10~^ for our parameters, such that no collective 
effects are expected. 

To model the measurements of our experiment, we 
fit (k and 7/c* with Uk = 27r(469 — k x 16) THz 
to reproduce the free space spectrum So{uj) and 
determine all other quantities from measurements. 
We find Ck = [0.02, 0.25, 0.44, 0.24, 0.06, 0.01], 7* = 
[3.1,23,25,29,34,40] THz, contribution of transitions 
with larger k are negligible. We find good agreement 



between the predictions of the model and the data, e.g. 
for the parameters of the measurement shown in Fig.lsFa) 
we obtain C = 1.0 x 10"^. 

This generahzed description of cavity enhancement 
confirms that the simple picture given previously is a 
sufficient approximation as long as the effective dephas- 
ing dominates all other rates and masks the structure of 
the phonon sideband. Beyond this, the model provides 
insight into the different roles of transition branching and 
dephasing. 

Conclusion and Outlook. In our experiment we have 
studied the scaling laws for the cavity enhancement of 
the fluorescence of broadband emitters with a flexible ar- 
chitecture, offering high Finesse and large ideal Purcell 
factors compatible with the presence of nanodiamonds. 
The results indicate a way for the realization of efficient 
single-photon sources with narrow bandwidth and wide 
tunability, and suggest that fiber-based micro cavities 
could provide a route towards the strong coupling regime 
in a cryogenic environment. 

While NV centers in nanocrystals show larger homo- 
geneous linewidth and stronger spectral diffusion than in 
clean bulk samples, dephasing rates 7*/27r < 500 MHz 
for the ZPL appear feasible. Alternatively, diamond 
membranes or nanomachined high quality bulk diamond 
could be introduced to achieve better optical and spin 
properties. For an estimation of the achievable cou- 
pling strength we account for the ZPL branching ratio 
Co = 0.04 and the splitting of the ZPL into six individ- 
ual fine structure resonances. For the transitions con- 
necting the ms = ground state with the E^ or Ey 
levels in the excited state, an overall branching ratio 
(o(Ex^Ey) ^ 0.02 remains for perfect state initialization 
[4T. Optimization of the laser machining technique is 
expected to achieve mirror radii of curvature < 10 /im, 
which would result in ^oo > 1 GHz for deff = 2.0 /im. Ap- 
plying a feasible coating with T + L = 20 ppm at 637 nm 
yields T = 150000 and A>:/27r = 500 MHz at this mirror 
separation. Together, this would reach the strong cou- 
pling regime, 2^oo > (^^T^T*)^ and lead to an effective 
Purcell Factor C > 400. This opens the perspective for 
a fully quantum-coherent spin-photon interface. 
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